In order to improve the resilience of distribution networks after major disasters, a three-level service restoration method considering the variability and scarcity of generation resources within microgrids is proposed. First, a feasible restoration tree from microgrids to critical loads is established to maximize the amount of restored critical loads. The reserve capacity state is incorporated as constraints of the restoration problem to ensure that restored loads can have a continuous power supply. Then, considering the service capability of microgrids, the secondary scheme using emergency power supply vehicle (EPS) and microgrids to restore all critical loads is formulated. On this basis, the third-level restoration model with the maximum resilience metric as the objective function is established to guide the restoration of non-critical loads in each period. Finally, the system resilience is evaluated by the non-parametric kernel density estimation. Numerical simulations are performed on the PG&E 69-node and IEEE 123-node feeder system under several scenarios to demonstrate the effectiveness of the proposed method, and the impacts of energy storage system (ESS) and EPS on the restored networks are discussed.
I. INTRODUCTION
With the global climate change, natural disasters occur more and more frequently, resulting in extended outages to end-use customers and huge economic losses [1] . According to Campbell [2] approximately 78% of the outages from 1992 to 2010 were caused by major disasters events affecting around 178 million metered customers and costing US economy 18 to 33 billion dollars per year [3] . This calls for the critical need to improve distribution networks resilience after major disasters. Therefore, system resilience, which describes the grid's ability to withstand and restore from severe interruptions, becomes a key issue for distribution networks [4] , [5] .
Recently, some studies have considered utilization of microgrids, distributed generators (DGs), energy storage system (ESS), and electric vehicles (EVs) for service restoration. DGs and microgrids are used as sources to provide service to critical load on neighboring feeders when the utility power The associate editor coordinating the review of this manuscript and approving it for publication was Zhehan Yi . is unavailable [6] , [7] . In [8] , the resilience of distribution system is improved by optimally allocating grids available distributed energy resources (DERs) to maximize the amount of restored critical loads and optimizes the restoration times. In [9] , EVs and DGs are used to restore disruptive loads, and the effect of vehicle-to-grid (V2G) facility on service restoration is studied. However, the aforementioned literature fails to include renewable energy resources. If renewable energy is used to restore critical loads, the volatility of renewable energy should be considered. Devices of different categories have different operational features. The output power of renewable distributed generators varies with the weather condition, human activities, and many other factors, causing uncertainties [10] . In [11] , a decentralized multiagent system (MAS) method is used to solve the service restoration problem considering the uncertainty of renewable distributed generators. In [12] , the critical load restoration problem is modeled as a chance-constrained stochastic program. A Markov chain-based operation model is designed to describe the variability from renewable distributed generators VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ within microgrids. In this paper, the variability effect of renewable energy resources is compensated by charging and discharging of ESS. At the same time, in view of the scarcity of generation resources after major disasters, most of the reference focuses on the restoration of critical loads. In [13] - [15] , Fuel reserve (FR) or battery state of charge (SOC) within microgrids are usually limited and hard to supplement during and right after a natural disaster. In [16] , the limits on the amount of generation resources within microgrids are considered. Therefore, the objectives include maximizing the number of critical loads to be restored, weighted by their priority levels, and minimizing the amount of non-critical load that has to be energized. In addition, after a major disaster, the distribution network has multiple faults, large areas of power fault, lack of power, and weak transmission [17] . Although the above literature considers the limitation of generation resource capacity and first restoring critical loads, it does not include emergency plans to support the restoration of distribution network, and still cannot restore all critical loads.
At present, the resilience-oriented restoration method of distribution network after major disasters mainly considers using available generation resources to maximize the restoration of critical loads, and ensure that the restored loads can be provided with sustained and stable power supply. If the limited generation resources capacity cannot guarantee the full restoration of critical loads, the contribution of DER to improving the system resilience will be greatly reduced. Possible solutions include dispatching repair crews to improve the system resilience better [18] , or formulating the dispatching strategy of emergency resources after power outage. In view of the limited available power supply capacity of the microgrid, this paper formulates a dispatching strategy for emergency power supply vehicle (EPS) to further improve the system resilience, and when the generation resources show an upward trend within a time, the proposed method can allow for increased restoration of non-critical loads. The proposed model and solution method can formulate the corresponding service restoration strategy according to the actual damage situation of distribution network and the microgrid service capacity under major disasters. At the same time, the mobile energy storage and large-capacity characteristics of EPS make it play a supporting role in the restoration of distribution network, especially when customers are without complete power access to the main grid, which is often the case after a natural disaster strikes [19] , [20] .
In view of the characteristics of the restoration process after disasters in distribution networks, this paper proposes a hierarchical service restoration to ensure the system resilience. The contributions of the proposed method are:
• A three-level service restoration strategy was introduced. Considering the limitation of the service capability of microgrids, secondary service scheme for dispatching EPS is formulated, which can restore more critical loads and significantly increase the system resilience. In view of the volatility of power generation resources, third-level service scheme is developed. The scheme can restore the maximum number of non-critical loads based on the restoration of all critical loads.
• In the problem of dispatching EPS, considering the reasonable matching between EPS and critical loads, and the impact of traffic problems on load interruption time, the vehicle routing (VR) module is used to optimize and obtain the travel time of EPS on the road network (RN). And the scheduling restoration cost of the EPS is considered. In order to maximize the supply benefits of the distribution network, the capacity of the EPS should be rationally utilized.
• The reserve capacity model of the microgrid with master-slave control is established, and the reserve capacity status is incorporated as the constraint of the restoration problem, When the available power output in microgrid shows a decreasing trend, it can ensure that the restored nodes of the distribution network are not cut off, the system resilience is further improved by enabling the restored load to have a continuous and stable power supply.
Finally, the non-parametric kernel density method is used to comprehensively evaluate the ability of the proposed method to deal with natural disasters. The remainder of this paper is organized as follows: Section II discusses the resilience metric in the post-disaster restoration stage and assessment method. Section III introduces microgrids service capability for restoration. When microgrids are used to restore critical loads after a major disaster, continuous power supply for critical loads should be addressed. Section IV describes the formulation of the restoration problem. A hierarchical service restoration mothed is proposed in Section V. In Section VI, simulation results on the PG&E 69-node and IEEE 123-node feeder system are presented. Section VII presents the conclusion drawn from the proposed method.
II. RESILIENCE EVALUATION OF SYSTEM
Resilience, as a very important feature of distribution network, can quantitatively evaluate the ability of the distribution network to restore critical loads in major disasters. Therefore, after large-scale faults occur, resilience metric is needed. The resilience metric defined in this paper takes into account the outage duration of the system and the loss in the restoration process. For the sake of completeness, a brief introduction of the metric is included in this section.
A. RESILIENCE METRIC OF SYSTEM
The variation curve [21] of system performance function F (t) with time t is shown in Figure 1 . The time period associated with the event is divided into several subintervals. The corresponding states of the distribution system are also defined. In Figure 1 : t 0 is the time when the disaster occurs; t d is the time when the disaster causes the maximum loss of the system; t d ∼ t a is the restoration stage, the key point of this paper is to formulate the restoration scheme to maximize the system resilience of this stage; t a ∼ t r is the infrastructure repair time, which is the time required to repair all faulty equipment (e.g. transformers, lines); This paper assumes that the outage duration is T 0 , It is assumed here that the utility power comes back to serve loads at t d + T 0 , i.e., t a = t d + T 0 .
The system resilience in the post-disaster restoration stage, can be evaluated by the integral of the performance function in that time period minus the restoration cost, and then divided by the integral of the performance function in fault-free operation, i.e.,
where AR is the resilience metric defined in the restoration stage; G is the restoration cost of emergency power supply vehicles. F (t) is specified as the total power supplied to loads weighted by their priority; n is the number of outage loads in the distribution network; C i is the weight of the i th load representing its priority; P i (t) is the active power of the i th load at time t; T i is the service time of the i th load in restoration phase;
where P i is the active power of the load in its normal operating state, Then, the system resilience is specified as follows:
Distribution network is an uncertain system which may fault at any time. In different scenarios, load restoration may also be different. Therefore, the resilience metric will become a random variable. In order to evaluate the overall effectiveness of the restoration strategy in each scenario, the probability distribution of resilience is obtained by using non-parametric kernel density estimation method. Define AR 1 , AR 2 , . . . , AR n are the results of resilience simulation evaluation in n different scenarios. The probability density function of the resilience metric AR is f (x). And its kernel density estimation is calculated as:
where h is the bandwidth; n is the number of simulation evaluations; K (•) is the kernel function. The accuracy off h (x) depends on the choice of kernel function and bandwidth. In this paper, K (•) is chosen as the commonly used Gauss function [22] , and the optimal bandwidth is selected by the method of reference [23] .
where σ is the standard deviation of resilience evaluation samples with random distribution.
III. MICROGRID MODEL FOR RESTORATION
A more mature master-slave control mode is adopted for a microgrid available for restoration. In master-slave control [24] , DGs play different functions within the islanded microgrid according to their different control modes. One of them uses Vf control strategy to provide voltage and frequency reference for other micro-sources in the network. The other micro-sources still use PQ control strategy. The main power sources generally have ESS, medium and micro gas turbines, diesel engines, etc. It can operate independently and has the ability to regulate voltage and frequency. The non-controllable DG must follow the reference voltage and frequency provided by the main power source. The non-controllable DG includes wind turbine (WT), photovoltaic (PV) and other intermittent DGs. In this paper, WT and PV are selected as non-controllable DGs. There are many studies on the prediction methods of their output power. The focus of this study is not on the method of power prediction. Therefore, it is assumed that the output power value of WT and PV has been obtained, and considering the accuracy of prediction, the reserve capacity model is established in the following section.
A. MATHEMATICAL MODEL OF ESS
In this paper, the charging and discharging of ESS are used to compensate variability from non-controllable DG, and to meet the balance of supply and demand in isolated islands. The charging-discharging model is represented by state-of-Charge (SOC). Its mathematical model can is as follows:
where SOC k ES,t , SOC k ES,t−1 are the SOC state of ESS within microgrid k in time t and time t-1, respectively; P k ES,t−1 is the charging or discharging power output by ESS within microgrid k in time t1, the positive value represents ESS charging and the negative value represents ESS discharging; E k ES is the capacity of ESS within microgrid k; M is the set of available microgrids. SOC state constraints and unit time charging and discharging power constraints, i.e.,
where SOC k,min ES is the lower limit of SOC within microgrid k; SOC k,max ES is the upper limit of SOC within microgrid k; P k,chmax ES , P k,dchmax ES are the upper limit of charging and discharging power output by ESS within microgrid k per unit time, respectively; ϕ ch k,t , ϕ dch k,t are binary variables, representing charging and discharging state, respectively, if ESS is charging, ϕ ch k,t = 1; otherwise, ϕ ch k,t = 0; if ESS is discharging, ϕ dch k,t = 1; otherwise, ϕ dch k,t = 0.
B. RESERVE CAPACITY MODEL OF MICROGRIDS
In this paper, the concept of microgrid reserve capacity is introduced to deal with the problem of unsustainable power supply caused by the fluctuation of non-controllable DG output power. Reserve capacity of a microgrid is defined as the difference between the current generation value and the maximum generation of the main power source. When the output power of the non-controllable DG suddenly decreases or the load suddenly increases, the ESS power supply must be able to increase the output power to meet the power balance, and to ensure that restored loads are not removed. And the reserve capacity state value of the microgrid can be used to measure the restoration duration of the load. The lack of reserve capacity is that the sum of the power output from the non-controllable DG and the maximum power output from the ESS is still less than the load demand. Calculating the time of reserve capacity insufficiency in outage duration, if the time equals 0, the microgrid can continuously supply power to its critical loads. Assuming that each time step is 1 hour, this means that the power is equal to the generation capacity. DGs and ESS generate electricity in kWh units.
where T 1 is the total time when the reserve capacity of microgrid k is insufficient; x t is the state of microgrid k in t period, if the maximum energy that microgrid k can provide for its external loads is less than the total amount of loads demand, x t = 1, otherwise x t = 0; α is reserve rate of active power; T 0 is the outage duration; R k is the set of load restored by microgrid k; t is the time interval, t = 1h; P i is the active power of the i th load; E k source.t is the upper limit on the amount of energy that microgrid k can provide to its external loads in time period t; P k DG.t is the output power from the non-controllable DG within the microgrid k in time period t; P k ES.t is the output power from the ESS within the microgrid k in time period t, the ESS as the balance node not only needs to satisfy the above formula, but also ensure that the SOC is within a reasonable range; P k in.t is the amount of power demand for internal critical loads of microgrid k in t period.
IV. PROBLEM FORMULATION
The critical load restoration problem is formulated as follows.
A. OBJECTIVE FUNCTION
AR defined in this paper is the total benefit obtained by restoring outage loads with multiple power supply resources. Maximizing AR is selected as the objective function of the restoration model, i.e.,
where C i is the weight of the i th load representing its priority, and is usually selected as the supply benefit of the load.
To ensure that microgrids first are used to serve critical loads, the weighting factor of a critical load should be sufficiently greater than that of a non-critical one. For example, one can let C i = 100 and C i < 100 for critical and non-critical loads, respectively.
B. CONSTRAINTS 1) RESERVE CAPACITY STATE CONSTRAINTS
In the process of restoring critical loads, the microgrid should maintain adequate reserve capacity for each period. That is, the microgrid can serve critical loads uninterruptedly during the fault period, i.e.
In [25] , the authors showed that it is possible to maintain a radial configuration regardless of the direction of power flow.
where β i,j,t and β j,i,t are binary variables, representing branch state, if the power flow from node i to node j in time period t, then β i,j,t = 1, if the power flow from node j to node i in time period t, then β j,i,t = 1; u g,t is a binary variable, indicating the fault state, if the branch g fails in time period t, u g,t = 0, otherwise u g,t = 1; I g is the set of busbar directly connected with branch g, the busbar directly connected with power source is defined as the root busbar of spanning tree; I SB , I MG are the set of root busbar directly connected with power plant or microgrid, respectively. Constraint (17) presents the relation between the connection status of the line. If the distribution line is connected, then either β i,j,t or β j,i,t must be one; Constraint (18) indicates that power plants and microgrids are designated as root buses; Constraint (19) implies that the distribution network is a radial network, and each child node cannot be connected to multiple parent nodes simultaneously.
3) UNBALANCED THREE-PHASE POWER FLOWS
Constraints (20) -(24) denote the line flow and voltage constraints for a particular restored tree networks. A dynamic restoration model is constructed for the linear three-phase linear power flow equation after the equivalent simplification of reference [26] . Linearized power flow calculation error can be neglected when line loss is small and voltages are nearly balanced. The constraints can be expressed as follows:
∀g(·,i)
where, g (·, i), g (i, ·) are the branch sets of power inflow and outflow busbar i , respectively; P k,t , Q k,t are the threephase active, reactive power outputted by microgrid k in t period, respectively; S max k,t is the upper limit on apparent power output by microgrid k in t period; P L g,t , Q L g,t are the three-phase active and reactive power of branch g in t period, respectively; P s EV ,t is the active power outputted by EPS s in
is a 3-by-1 vector that equals the i nodal voltage multiplied by its Hermitian
is the 3-by-1 three-phase complex power vector transmitted through line ij; (·) * indicates Hermitian operation on matrix; e ij is a 3-by-1 vector that represents the corresponding phase of three-phase lines, which is composed of {0,1} values. For example, if line ij is a single-phase line (e.g., b phase), then e ij = [0, 1, 0] T ;Z ij = γ • Z ij , represents the multiplication of the corresponding elements of two matrices with the same dimension; Z ij is the total line impedance consisting of resistance r ij and reactance x ij , which are determined by the phase impedance matrix Z abc ij ; And the large M method is applied to decouple the voltage between two disconnected busbars; σ is the voltage deviation, taking σ = 5%; γ is a constant matrix and can be expressed as:
' is used to denote the node index, and ''j'' is used to denote the imaginary part of a complex number.
V. HIERARCHICAL SERVICE RESTORATION OF LOADS
In the case of limited capacity of generation resources within microgrids, in order to maximize the amount of restored noncritical loads on the basis of restoring all critical loads as much as possible. A hierarchical service restoration method is formulated to further improve the system resilience. The method includes the primary scheme of restoring critical loads by microgrids, the secondary scheme of restoring critical loads by microgrids and EPS, and the third level scheme of restoring non-critical loads by microgrids. According to the restoration rate of critical loads, a service restoration scheme is selected. The proposed hierarchical service restoration strategy is shown in Figure 2 . Moreover, some technologies in each level restoration strategy can also improve the system resilience. For example, the charging and discharging of ESS can be used to compensate variability effect from non-controllable DG output power, and the reserve capacity state constraint is introduced to ensure that restored loads can have a sustained and stable power supply.
A. CRITICAL LOAD RESTORATION RATE
In this paper, critical loads restoration rate (CLR) is defined to reflect the restoration of critical load. The formula for calculating the index is as follows:
where, C is the set of critical loads; P MGi is the active power of the i th critical load restored by the microgrid; P CLi is the active power of the i th critical load. According to the A CLR , it can be divided into three situations: when A CLR = 1, it means that major disaster causes all critical loads outage, and requiring rapid service restoration; when 0 < A CLR < 1, it means that some critical loads are restored by microgrids; and when A CLR = 0, it means that microgrids can restore all critical loads.
B. PRIMARY RESTORATION SCHEME
Restoration tree from microgrid to critical load is obtained by the shortest path method. Then the feasibility of restoration tree is verified. The aim is to first maximize the amount of restored critical load rather than non-critical load.
1) CONSTRUCT RESTORATION TREE
For each ''microgrid -critical load zone'' pair, a unique restoration path is determined, or there is no feasible path between them. All paths that start from a microgrid form a graph-theoretic tree rooted at the microgrid, referred to as a restoration tree. The unique restoration path problem is transformed into the shortest path problem. Model the distribution system as an undirected graph G = (V , E), where V and E are the set of nodes and arcs, respectively [27] . Nodes in V represent loads and microgrids, while arcs in E represent switches. Furthermore, a node representing a microgrid or critical load is called a source node V s or target node V t , respectively. Each edge of the graph [V i , V j ] sets a weight W , which is equal to the active power of the corresponding node load (W ij = ∞ represents V i , V j nodes are not adjacent). Let L be a path from V s to V t in G, and define the weight of path L as the total amount of load on the path L, which is recorded as W (L), the restoration path between the corresponding source and target nodes is defined as any path whose weight is minimum among all paths between them, and record it as
This ensures that only one restoration path can be found between each microgrid and each critical load.
∀k∈V e kj − ∀k∈V e jk = 0 k = j, j = v s and j = v t (28) where e ij is a binary variable, if the adjacent nodes i, j are selected, then e ij = 1, otherwise e ij = 0; Constraint (26) indicates that the path direction can only start from the source node but not return to the source node; Constraint (27) denotes that the path ends at the target node; Constraint (28) denotes that the inflow amount and outflow amount of the intermediate node are equal. The search ends when the restoration path from each microgrid node to all critical load nodes is found, or all source and target nodes have been explored.
2) VERIFY THE FEASIBILITY OF RESTORATION PATH
Evaluate the feasibility of each restoration path by performing reserve capacity state, charging and discharging of ESS and power flow calculation, The constraint of reserve capacity state is to ensure that the restoration duration of critical loads is T 0 . Therefore, the system resilience is enhanced. Power flow is calculated with loads that are not on the restoration path disconnected. If all constraints are satisfied, nodes and arcs on the restoration path are added to the node set and arc set of the restoration tree, respectively. Infeasible restoration paths will not be included in the restoration tree, and the load on the restoration path is not disconnected.
After all feasible restoration paths are obtained by the above method, if there are multiple restoration paths for the same critical load, the unique path with the minimum total weight in restoration paths is selected, according to the objective function of the primary scheme. If there are two or more different restoration paths corresponding to the same microgrid, merge them into one restoration path, and then re-verify the feasibility. If all the constraints are not met, the merger will not be performed, and the unique path with the minimum total weight is retained, then the remaining restoration paths are deleted. Finally, the restoration tree is updated to determine the unique restoration path from each microgrid to the critical load.
C. SECONDARY RESTORATION SCHEME
After the primary scheme is completed, if 0 < A CLR < 1, the scheduling strategy of EPS is formulated. EPS is a key flexible resource for disaster relief and emergency response of distribution network, and has the advantage of mobile energy storage, which can be allocated to the required nodes to provide power supply for critical loads. In order to reduce the outage loss of loads, EPS should respond to the system dispatching instructions in time, participate in fault repair quickly, reach the candidate nodes of destination in the shortest time, and form the optimal isolated island to service loads. Considering the impact of EPS travel time on load outage time, real-time traffic information is added to the distribution network restoration model, and the VR problem is solved with the support of the RN.
In this paper, a VR module is employed, which finds the shortest distance or fastest route from an origin to a destination via RNs. VR can be realized by Dijkstra's algorithm [28] , The ''distance'' here is the weight of each road section, but it is not only the actual length of routing, but also the influence of road traffic information (that is, RN speed, RN damage/congestion) and other factors. Therefore, the method of multiplying traffic fusion coefficient on the basis of road length is used. The influence factors are reflected in path length in the form of fusion coefficient. Then the travel time from each depot location to each candidate node is derived via the VR module, at the same time, the data is applied to the optimal scheduling problem of EPS. The relationship between the data sets and the task modules required in the EPS scheduling process is shown in Figure 3 .
1) FUSION COEFFICIENT OF TRAFFIC NETWORK
where d is the path length obtained after fusion; w 0 is the initial weight of the road; w 1 is the RN congestion coefficient; V d is the vehicle speed; V F is the zero-flow speed of the road; and r is the road congestion rate, which can be obtained by the RN damage assessment module. The premise is that all communication devices are intact. The scheduling problem also needs to consider the capacity of EPS, restoration cost and the location of candidate nodes. The model of EPS battery refers to ESS model, the configuration constraints of EPS are as follows:
2) EPS CONFIGURATION CONSTRAINTS EPS receives instructions from distribution system operator (DSO) after failure, and goes to designated locations to connect with power grid. As the main power source of critical loads, the connection point of each EPS should belong to a specific restoration path. v il ≥ z si , ∀i ∈ n, s ∈ S, l ∈ L (32) where z si is the configuration variable for the emergency power supply vehicle, if the EPS s is connected to node i, then z si = 1, otherwise z si = 0; v il = 1 denotes that node i belongs to restoration path l; v il = 0 indicates that node i does not belong to restoration path l.
One node can only connect one EPS, and one EPS can only connect one grid node at the same time:
D. THIRD LEVEL RESTORATION SCHEME After the first two stages of service restoration scheme are completed, if A CLR = 0, all the critical loads have been restored. On this basis, a third-level scheme is needed to guide the restoration of non-critical loads in each period, so as to maximize the system resilience.
After the feasible restoration paths of the critical loads obtained and all the critical loads are restored in the first two stages of the service restoration scheme, the objective function (15) can be replaced with by the following function:
where n MG is the number of loads on the feasible restoration tree; t sdi is the travel time of the s th EPS from depot location d to candidate node i; n EPS is the number of restored loads for EPS; P i k and P i s are the active power output by the corresponding microgrid and EPS when restoring the i th load, respectively; α is the unit capacity consumption cost when the load is supplied by EPS, which represents the restoration cost of EPS. Considering the supply benefit of distribution network, taking 10 ($/kWh). In this case, the formula (14) and the constraint reserve capacity state (16) can be replaced by the following functions:
Due to the fluctuation and limitation of slave power source output power within microgrids, it is impossible to guarantee VOLUME 7, 2019 that all the outage loads will be restored and that the power will continue to be supplied throughout the outage duration. In this case, the proposed hierarchical service restoration strategy with microgrids can ensure the resilience of distribution network.
The proposed model can be expressed as follows:
VI. CASE STUDY
The proposed method is tested on two distribution test systems, PG&E 69-node test feeder and IEEE 123-node test feeder [29] .The proposed MILP formulation is solved using CPLEX 12.6. We have used MATLAB R2014b to formulate the desired model which is then linked with the CPLEX solver. The simulation is carried out on a PC with Intel Quad Core 2.20 GHz and 8 GB RAM.
The proposed framework is thoroughly tested using multiple case studies, and the system resilience metric in each case is calculated to evaluate the effects of restoration strategy. The calculation process is composed of the following steps:
First, the feasible restoration tree from microgrid to critical load is obtained by solving the shortest path method. This method can maximize the amount of restored critical loads and the restoration duration of each feasible restoration path is T 0 . Then, when 0 < A CLR < 1, the EPS is started to restore critical loads that have not been restored by the microgrid; When A CLR = 0, on the basis of the results of the first two stages, the optimal restoration model with the maximum resilience metric is deduced. By solving the mixedinteger linear program, the optimal power supply range of each microgrid in each period and the restoration duration of each non-critical load can be obtained. Finally, the load supply benefit of the scenarios is calculated to represent the performance of restoration. By subtracting the restoration cost from the supply benefit, the system resilience metric, i.e., the formula defined in (3) is obtained, which evaluates the overall performance of the hierarchical service restoration method.
A. CASE STUDY I: PG&E 69-NODE FEEDER SYSTEM
The PG&E 69-node test feeder is used to validate the effectiveness of the proposed method. The system rated voltage is 12.66 KV, rated power is 4059.5 kW + 2865.8 kvar [30] . The location of the fault point is shown in Figure 4 , and has been isolated. Assume the loads at nodes 15, 24, 42, 49, and 54 are critical loads, they have a higher priority with supply benefit equaling 100 $/kWh. The load distribution of each node is referred to reference [31] . Three microgrids (M1, M2, M3) are connected to three different nodes (7, 44 , and 64) of PG&E 69-node test system. The generation resources in M1 are PV and ESS, while those in M2 and M3 are WT and ESS. For illustration, we assume depot 1 has an EPS1, depot 2 has an EPS2. Several nodes in distribution system are picked as candidate nodes for EPS connection. After the fault occurs, they can go to different candidate connection nodes according to the dispatching instructions. The traveling times between depots and candidate nodes ranges from 15 minutes to 1 hour. The specific parameters are shown in Table 1 and Table 2 . Typical daily output curves for PV and WT [32] are shown in Figure 5 .
1) RESULTS ANALYSIS
Several scenarios are simulated to validate the proposed hierarchical service restoration strategy. The scenarios are: different initial failure time, different outage duration, whether ESS exists in microgrid and different initial SOC values. Assuming seven kinds of fault scenarios, by solving the mixed-integer linear program, the total supply benefit, restoration cost, critical loads restoration rate, percentage of supply benefit and resilience metric of the system can be obtained. The results are shown in Table 3 . Scenario 2 is taken as an example to analyze the proposed hierarchical service restoration process. The simulation results of the proposed method are as follows:
In the primary restoration scheme, the restoration paths problem for finding critical loads is expressed as the shortest path problem in graph theory. The shortest path is transformed into a linear programming problem. The model is solved by CPLEX, and the initial restoration tree is obtained. The feasibility of the initial restoration tree is verified by constraints, and finally the feasible restoration tree is obtained. It takes 18 seconds to solve the whole problem. The results are as follows: Three feasible restoration paths are identified for Microgrids 1 and 2, one for Microgrid 3. The results are shown in Table 4 . Table 4 shows that there are two restoration paths for CL-42, CL-15 and CL-54. According to the objective function of the primary service scheme, the unique path with the minimum total weight in the restoration path is selected. Therefore, CL-54 is restored by microgrid 1, and CL-42 and CL-15 are restored by microgrid 2. Microgrid 2 corresponds to two different restoration paths, and then merges them to re-verify the feasibility. After satisfying all the constraints, it merges them into a restoration path. The results are shown in Table 5 . According to the restoration results of the primary scheme, the CL-49 is not been restored, because the active power of CL-49 is large and the generator capacity with microgrids is relatively small, which causes instability if an attempt is made to restore CL-49 by microgrids. According to the national user reliability index issued by the National Energy Administration Power Reliability Management Center in 2015, for the interruption caused by natural weather (such as typhoons, earthquakes, etc.), the duration of emergency service support needs to be determined according to the local restoration situation, generally more than 12 hours. Therefore, EPS will be dispatched to restore CL-49. The Dijkstra's algorithm is used to solve the optimal routing of the EPS from the depot location to the candidate node, the optimal scheduling problem of EPS takes 25 seconds, and the driving time is obtained by the VR module. The result shows that EPS2 is allocated from the depot position D2 to the candidate node 48, and its travel time will be about 36 minutes; The output dispatching results of EPS are shown in Table 6 .
On the basis of the results of the first two stages of restoration, the optimization model of the third scheme is obtained. The model is solved using CPLEX, and the optimal power supply range of microgrids in each period is obtained within 62 seconds. Loads 5, 6, 7, 8, 9, 10, 53, 54, 55, 56 restored for a time period of 6 hours. Due to the limits on the amount of generation resources within microgrids, the restoration duration of the remaining outage loads is less than 6 hours. The restoration situation is shown in Table 7 . The SOC changes during the whole outage period are shown in Figure 6 . In order to ensure that the restored load is no longer powered outage, ESS1 is charged first and then discharging. ESS3 is always discharging, which is related to the load demand and non-controllable DG output power.
From the above restoration results, the hierarchical service restoration method can determine the optimal service area in each period according to the power supply capability of the microgrid, and achieve the maximum restoration of non-critical loads on the basis of ensuring that all critical loads are restored. The constraint of the reserve capacity state of the microgrid avoids the second strike of the restored load facing the power outage again.
If the constraint of the microgrid reserve capacity state is not taken into account in hierarchical service restoration, the microgrid will not be able to provide a continuous supply of electricity for the load. Then the restoration results in this case are shown in Table 8 and Table 9 .
These restoration paths which can't continuous power supply for critical loads increase the number of power flow calculations. If it is first checked whether the total amount of load on the restoration path exceeds the maximum power that can be provided by the corresponding microgrid in each period, for the restoration paths with insufficient reserve capacity, no power flow calculation is performed, thus reducing the number of paths that need to be verified. 
2) INFLUENCE OF ESS ON RESTORATION METHOD
The results of distribution networks restoration in scenarios 1, 3 and 2, 5 are compared:
• In Scenarios 1, 3, when the initial SOC is 0.8, the total supply benefit is $80 106, which is larger than that of $78 971 when the initial SOC is 0.4. It shows that ESS is the main power source in the microgrid, the initial SOC value plays an important role in improving the reserve capacity of the microgrid and reducing the time period when the reserve capacity of the microgrid is insufficient. Therefore, the defense work should be done before major disasters occur to ensure the sufficient capacity of ESS.
• In Scenarios 2, 5. It shows that DGs such as WT, PV and EPS can effectively improve the distribution network resilience, and can still restore all critical loads without ESS access. However, the total supply benefit of ESS access is larger than that without ESS access, the total supply benefit is increased from $175 354 to $178 550. It shows that the charging and discharging of dispatching ESS can improve the sustained power supply capability of microgrids.
3) INFLUENCE OF DIFFERENT FAULT PERIODS ON RESTORATION METHOD
Scenarios 2, 6 and 7 compare the restoration results of the distribution networks when the fault occurs at different times:
• The fault period of scenario 7 is from 15:00 to 21:00, during which the illumination intensity gradually disappears and the wind turbine output is relatively stable. In order to ensure adequate power supply in the later period, the ESS is charged first and then continuous discharging. The fault period of scenario 6 is from 4:00 to 10:00.There was no illumination in the first few hours of this scenario and only enough capacity could be provided through ESS. The charging and discharging status of ESS is shown in Figure 7 .
• From the total supply benefits of each scenario, it can be seen that different fault periods have a great impact on the fault restoration of distribution networks. Especially when there is no illumination and the wind speed is small, the reserve generators such as micro-gas turbine or diesel generator can be increased to improve the ability of distribution networks to cope with disasters.
4) ANALYSIS OF SYSTEM RESILIENCE
By analyzing the scenario with 6 hours outage duration, the results of the hierarchical service restoration show that after the initial capacity of ESS is set adequately, the resilience metric of scenario 2 is improved by 0.0162 compared with scenario 5 by adopting the same hierarchical service restoration strategy, which indicates that the charging and discharging of ESS can effectively improve the resilience of distribution networks. During the fault restoration, if the secondary scheme of scheduling EPS is not included, it cannot guarantee the restoration of all critical loads. The resilience metric is only 0.1452∼0.1677, which greatly reduces the system resilience, indicating that EPS plays a supporting role in the restoration of critical loads. With the same initial SOC and failure time, although the percentage of total supply benefit in scenario 2 is improved by 0.0932 compared with scenario 1, however, the resilience metric of scenario 2 is improved by only 0.0843 compared with scenario 1, which indicates that the increase of restoration cost will reduce the system resilience. Therefore, non-critical loads on the restoration path of the EPS should be minimized, and it is necessary to optimize the configuration of EPS.
5) EFFECT OF HIERARCHICAL SERVICE RESTORAT-ION ON SYSTEM RESILIENCE
By synthesizing the random characteristics of each scenario, the probability distribution of resilience metric is obtained by non-parametric kernel density estimation as shown in Figure 8 , the results show that with the highest probability of resilient distribution of the distribution network with microgrids is 0.818, and the mean value is 0.8007. Root mean square error (RMSE) and mean absolute error (MAE) are used to evaluate the fitting accuracy of the calculation model: the specific parameters are shown in Table 10 . From the probability distribution of resilience metric, it can be seen that the restoration strategy can always make the system resilience metric attain 0.740∼0.830, no matter how the time and location of the fault occurs in the distribution network, which fully verifies the effectiveness and universality of the restoration method.
B. CASE STUDY II: IEEE 123-NODE FEEDER SYSTEM
The system rated voltage is 4.16 KV. The location of the fault point is shown in Figure 9 , and has been isolated. The test system is assumed to be supplying 10 critical loads connected at nodes 8, 17, 27, 30, 36, 50, 66, 78, 87 , and 101. Five microgrids (M1, M2, M3, M4, M5) are connected to five We assume that the utility has three depots, each of which can accommodate an EPS, and has the EPS resources listed in Table 13 . The locations of microgrids and the parameters of critical loads are shown in Table 11 and Table 12 .
1) RESULTS ANALYSIS
After the damage assessment is completed, the five microgrids survive from the extreme event, and they will be used to prioritize the restoration of critical loads. In the scenario, the outage starts at 8:00 and duration for 6 hours. The results for hierarchical service restoration scheme are shown in Table 14 , Table 15, and Table 16 , where five restored subtree networks are formed, each energized by one microgrid.
Due to operation constraints such as line power flow constraints and generation resource capacity constraints, critical loads cannot be completely restored, so secondary service restoration schemes need to be started. EPS2 at depot location D2 is allocated to candidate node 39. According to the VR module, and its travel time will be about 21 minutes. EPS3 is allocated to candidate node 81 from depot position D3, and its travel time will be about 30 minutes, then CL-36 and CL-78 are supplied by the EPS. Therefore, the optimal scheduling of EPS plays a supporting role in the restoration of distribution network, which can restore more critical loads, but not as much as possible to restore the non-critical load, because the restoration cost of EPS is also considered.
On the basis of the first two restoration schemes, in order to further improve the system resilience, the thrid-leve service restoration scheme is started to obtain the optimal power supply range of the microgrid in each period.
In this case, the total supply benefit of distribution network is $314926.5, the restoration cost is $9783.12, and the system resilience metric is 0.8829. It should be noted that this paper presents a generic framework for the hierarchical service restoration method during a disaster condition. For different systems with varying levels of microgrid penetrations, the restoration results will be different. However, the formulation is always applicable and will result in a feasible restoration plan.
2) AVAILABLE GENERATION RESOURCES
In order to re-emphasize the supporting role of EPS for distribution network restoration, the situation of incomplete availability of generation resources within microgrids is tested. After the damage assessment is completed, the available generation resources of M2 and M4 are changed to 50% and 60%, respectively. The total amount of generation resources in the five microgrids decreases. The restoration strategy is shown in Table 17 , Table 18, and Table 19 .
At this time, the total supply benefit of distribution network is $285687, the restoration cost is $24857.7, and the system resilience metric is 0.7546. Comparing the results from Table 17 with those from Table 14 , it can be seen that CL-27 and CL-30 is restored by M2 which has abundant generation resources, while M2 with reduced generation resources is only used to restore CL-27, indicating that reduction in the total amount of generation resources within microgrids degrades system resilience. But the proposed method can be used to dispatch the EPS for power supply. From the Table 18 restoration results, the EPS can completely restore the remaining critical loads and improve the resilience of the distribution network. However, if the surviving generation resources are reduced again after the disaster, the emergency resources allocated in this paper will not be able to restore all the critical loads.
3) COMPARISON WITH MILP FORMULATION IN [16]
The proposed approach is also compared with the MILP formulation presented in [16] . It should be noted that the approach proposed in [16] does not include the dispatching strategy of EPS, and does not consider the variability effect from non-controllable DG. The EPS could be very beneficial in restoring critical loads when distribution system suffers from multiple damages and generation resources within microgrids are scarce. In the proposed secondary scheme, the dispatching strategy of EPS is considered, and the advantages of its mobile energy storage are utilized. Furthermore, the ESS can be used to compensate the variability effect from non-controllable DGs output power. When the available generation resource is increasing trend, the distribution system is allowed to increase the number of restoration nodes, while when the available output power of generation resource is decreasing trend, it can ensure that the restored loads of distribution network are not removed. A comparison is made using IEEE 123-node distribution feeder. The circuit topology and parameters are similar to that of Case Study II-2 i.e., generation resources within microgrids are not 100% available. Using the approach presented in [16] , a restoration plan is obtained by selecting feasible paths that minimize the objective function. The results are shown in Table 20 .
Then, sixteen load groups are formed. Weighting factors C sum,j and service time τ j are calculated for each load group, as shown in Table 21 . Only critical loads in each load groups are given. Non-critical load zones in the load groups can be identified from the restoration paths given in Table 20 .
The critical load restoration problem is formulated as a maximum coverage problem and solved using CPLEX 12.6. Load groups 2, 5, 6, 7 and 13 are selected. Eight out of ten critical loads are restored. The total supply benefit of distribution network is $240540, and the system resilience metric is 0.6959. It should be noted that for 123-node test feeders, the presented approach in this paper helps to restore more critical loads than the one using [16] . For example, CL-36 and CL-78 are not restored by the approach presented TABLE 20. Restoration trees using method in [16] . for distribution system with unequal availability. in [16] . Therefore, it is shown that, when distribution system is sustaining a major damage with multiple faults, EPS can play a supporting role in the restoration of the distribution network. This method can restore the maximum number of critical and non-critical loads, and further improve the system resilience.
VII. CONCLUSION
In this paper, a resilience-Oriented hierarchical service restoration method is proposed. Limited generation resources within microgrids, as well as the variability of noncontrollable DG, are considered in the method. The reserve capacity state is incorporated as constraints of the restoration problem to ensure that restored loads can have a continuous power supply. By dispatching the ESS to compensate variability effect from intermittent DG, when generation resources show an upward trend within a time, it is allowed to increase the restoration nodes, which can further improve the system resilience. In addition, in the case of limited generation resources within the microgrid, EPS scheduling strategy can restore a maximum number of critical loads. In the process of dispatching, the influence of traveling time and restoration cost of EPS on the restoration result are also considered.
The simulation results show that emergency service using EPS can improve the restoration rate of critical loads, and make full use of the maximum power output of microgrids in each period to achieve maximum restoration of non-critical loads on the basis that all critical loads have been restored. This method can maximize the supply benefit of the distribution network, which is of great significance to reduce the loss of distribution networks after disasters.
This paper eliminates the influence of other factors in evaluating the contribution of a service restoration strategy on resilience. For a given fault scenario, the outage duration is assumed, it is meant to eliminate the influence of repair plans. Uncertain failure duration and forecasting of renewable energy power output should be considered in the future work.
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